Both methods solve for the gust profile (gust velocity as a function of time) that produces the maximum load at a given location on a linear airplane.
Time-correlated gust loads are obtained by re-applying this gust profile to the airplane and computing multiple simultaneous load responses. The load resixmses are physically realizable at all instants of time during the time history (including the instant at which a given load is maximum), and correlated loads at any of these instants may be applied to aircraft structures. Within the Past seve!-al years there has I_'en much illlt'rCsl in obtaining a practical an;dysis mellu_,l Ihal in capable ol solving the analogous problem for nonlinear aircrafl. ,Such an analysis mclht_l, and the broader issues of harmonizing existing criteria and minimizing the number of different analyses required for certification, have been the on-going f_.'us of an international commitlee of gust loads specialists formed by the [J. S. Federal Aviation Administration (ref.
3). The method of reference I is capable of being, bul so far has not been, applied Io nonlinear aircraft.
As slated ill relcrence I, to make the melh_l practical for nonlinear applications, a search procedure is essential. The meth(_l of reference 2 in based on Matched Filler Theory (MI;I') and, in its ctlrrenl I()rnl, is al_lflicabh" tt_ linear syMen|s only.
The purpose of the prcst'nl pal×'r is to extend the mcth_l described in reference 2 to ,tonlinear systems. The extension uses MI:I" as a starting point aml then employs a constrained optimization algorithm to :Htack Ihe nonlinear problenl. Reference 4 contains a stains rel_rt (as of April 19(X)) on the development of this exlension.
In the present paper, methodology developnucnl is refined and completed and numerical msuhs are presenled that illustrate an application of the method to an airplane with a nonlinear control system. One-dimensional  Gaussian  atmospheric  turbulence with the yon Karmas power spectrum is chosen. Ixmd y is the load to he maximized.
Review
Loads Zl through Zn am the loads to be time correlated with load y. There are three major steps in the process:
The application of an impulse function of unit strength to the combined linear system, producing the impulse response of load y.
]'he normalization of this impulse response by its own RMS value, followed by its reversal in time.
The application
of this normalized reversed signal to the combined linear system, producing time histories of load y and time histories of loads zl through Zn. Within the time history of load y, the maximum value is
Yma_.
For simplicity of discussion throughout this paper, these three steps will be referred to as "linear MFT." Within each step, significant results, interpretations, and implications are: 
Impulse Response

Matched Load
Time-Correlated
Loads
Within
Step I The impulse resp()nse of atmospheric turbulence is shown as an intermediate quantity.
The impulse responses ol loads Zl through zn can be computed but are not used.
Within
Step 2 For nonlinear syslenls the shapc of the excitation waveform is a function of k and _g, and, consequenlly, lhc quantity Ymax ix also a functi_)n of these parameters.
This section (if the papt'r is divided into two subsections. The first describes a one-dimensional search procedure and the second describes a multi-dimensional search procedure. The original goal of the present rcsearch was to develop the multi dimensional search only. tlowever, in an effort to choose a reasonable starting point for the multi-dimensional search the authors happened upon the one-dimensional search, and as will be shown in the numerical results section of this paper, the onedimensional search turned out to be a valuable procedure in its own right.
One-Dimensional
Search Procedurl:
The one-dimensional search procedure performs a 'Wsicmatic variation of the quantity k to find the shape of an excitation waveform that maximizes Ymax. Figure 3 contains a _,ignal flow diagram tot this search procedure. Figure 3 is very similar to figure 2, but contains some subtle yet important differences that are indicated by the shaded boxes and by quotation marks.
In figure 3 the initial impulse has a non-unity strength;
the aircraft loads portion of the known dynamics box contains nonlinearities; and the shape of the excitation waveform and the value of Ymax are functions of the initial impulse strength.
In addition, the "matched" excitation waveform and the "matched" load are shown in quotes because, for nonlinear systems, there is no guarantee that Ymax is a global maximum.
The application of the one-dimensional search procedure IS as follows:
Select a design value of or.
Select a range of values of k.
For each value of k, perform steps 1 through 3 of linear MFT, obtaining values of Ymax and corresponding "matched" excitation waveforms.
From step 3 above, find the maximum value of Ymax and its corresponding "matched" excitation waveform.
Multi-Dimensional Search Procedurl •
The multi-dimensional search procedure uses as its slarting point the maximum value of Ymax and the corresponding "matched" excitation waveform obtained by performing the onedimensional search procedure.
In an attempt to obtain an even larger value of Yrnax, the shape of the "matched" excitation wavcfl._rm is further optimized subject to the unit-RMS constraint mentioned above.
The major features of this optimization pn_'edure are illustrated in figure 4.
Initial excitation wavefbrm.
-Beginning in the upper left corner of figure 4, the box labelled initial excitation waveform is the waveform resulting from the one-dimensional search procedure.
Coefficient
generator, -The purpose of the "coefficient generator" is to approximate the initial excitation waveform by a finite number of coefficients.
These coefficients are first used as the design variables in the optimization procedure and later used to "reassemble" the A waveform approximation technique based on cubic splines was also considered.
For this method, discrete points in the waveform time-history were selected as design variables. The amplitudes of these points could then be changed by the optimization routine. By using a cubic spline the waveform time history can be assembled from these discrete points as needed in the optimization algorithm.
As will be shown, this technique did not provide as accurate an approximation as Chebyshev polynomials, yet the number of design variables could be substantially reduced.
Constrained ootimization algorithms.
-Two optimization algorithms were considered: a direct method and an indirect method.
This section briefly describes these algorithms. where F and g are defined in equations (1) and (2).
(3)
The shaded box in figure  4 contains the detailed sequential analysis steps performed. The optimizer cycles through the shaded box many times per iteration to obtain gradient information.
The accompanying illustrations in the figure (boxes Two versions of this model will be considered: a simple version having only rigid-body modes (10 states) that served as a computationally economical test case; and a much larger, fully flexible model (32 states). These models will be hereinafter referred to as the rigid and flexible models, respectively. Analysis conditions for this model are 0.86 Mach number and 24,000 feet altitude.
One-Dimensional Search
The one-dimensional search procedure was performed on the rigid model.
In order for the control-surface deflection limits to become active in the simulation, an artificially large value of gust intensity, og, was required.
With this value chosen, values of the initial impulse strength, k, were selected over the rimge from 0.1 to 1000. Typical results, in this case corresponding to maximizing wing root bending moment (WRBM), are presented in figure 7. Figure 7 
Multi-Dimensional Search
Maximizing WRBM in the rigid model will again be considered.
To more clearly demonstrate the meth(gl, a nonoptimal value of k (kl) was chosen to obtain the initial excitation waveform for this example. The Chebyshev waveform approximation was utilized in this example and required 54 coefficients (design variables). The direct optimizer was used and the resulting convergence history is shown in figure  8 . This figure shows thai the optimization scheme succeeds in increasing the maximum WRBM while ultimately satisfying the RMS constraint on the excitation waveform. Figure 9 shows a comparison of the initial and optimized time histories for this test case. By considering figures 8 and 9, two conclusions can be drawn: (I) the multi-dimensional search procedure succeeds in altering the shape of the excitation waveform which causes alterations of the various time-histories and an increase in the maximum WRBM; and (2) the procedure achieves this increase in maximum load while maintaining the RMS constraint on the excitation waveform. was the indirect optimizer.
The direct optimizer also yielded larger maximum load values and converged in fewer iterations. in addition, the direct optimizer was able to converge with both Chebyshev and cubic spline approximations to the excitation waveform while the indirect optimizer was not able to converge when the spline approximation was used.
In figure I0 the lower gray squares are below the solid line but the upper gray ,squares are very close to the highest value of WRBM achieved.
The lower symbols being below the solid line is due to the fact that the spline approximation does a poorer job at reproducing the initial excitation waveform than does the Chebyshev approximation. However, the spline approximation does a very adequate job of reproducing the final excitation waveform and produces maximized WRBMs very close to those produced by the Chebyshev approximation.
From the data presented in figure 10 , the usefulness and value of the one-dimensional search procedure becomes obvious.
A very simple and straightforward variation in a single quantity, k, produced a value of maximized load which is within 1.1% of the value produced by the significantly more complex multi-dimensional search procedure. were required to produce an adequate approximation of the excitation waveforrn.
The solid squares represent only the initial values of maximized WOBTM; final values are not shown because, due to the large number of coefficients, a converged solution was not obtained.
Based on the ability (demonstrated in figures 10 and 1 I) of the one-dimensional search procedure to produce maximized loads very close to those produced by the multi-dimensional search procedure, it is the opinion of the authors that the value of the maximum WOBTM is very close to the value predicted by the one-dimensional search.
Concluding Remarks
This paper has presented two search procedures (onedimensional and multi-dimensional) for obtaining maximized gust loads for a nonlinear airplane using Matched Filter Theory and constrained optimization. The procedures were applied to an example airplane with a nonlinear gust load alleviation active control system.
Numerical results confirm that the procedures are successful in maximizing the loads of interest. For the example configuration considered, the one-dimensional search succeeded in obtaining loads that were within about I% of the loads produced by the multi-dimensional search procedure. This suggesLs that the simpler one-dimensional search method may be the most practical implementation.
In addition, further study is required of the modelling of excitation waveforms characterized by high-frequency contents.
